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Executive summary
We welcome the broad thrust of the draft framework for the development of clean coal. We are
particularly pleased to note the emphasis on a diverse range of measures for mitigating climate change,
the recognition that both market-based and regulatory approaches to encouraging the deployment of
CCS are valuable, and the suggestion that the proposed requirement to demonstrate CCS should apply
immediately.
We make several suggestions on matters of detail in response to the consultation questions. Specif-
ically, we suggest the establishment of a process of continual review of the realistic capacity of carbon
dioxide storage reservoirs. We further suggest that, to allow for the rapid rate of generation of new sci-
entific information, the following are needed. First, an explicit, quantitative statement of the timescale
that government considers sufficient for a reservoir to store carbon dioxide securely. Second, an explicit,
quantitative statement of the level of leakage risk that government considers acceptable. Third, the
publication of plans to accelerate the release into the public domain of seismic, borehole log, well in-
jection test, and drilling record data generated by the private sector. Fourth, an explicit statement of
government’s view on the extent to which bio-fuel power stations should be covered by regulations re-
quiring carbon capture readiness. Finally, the production of a companion document establishing similar
principles for the retrofit of carbon capture and storage systems at existing power stations. We also note
the importance of potential CCS operators having robust plans for monitoring their storage reservoirs,
using monitoring technologies that have been thoroughly demonstrated to be of sufficient accuracy and
precision.
In addition to these technical matters, we make several suggestions about the financial and regulatory
aspects of the path to CCS deployment. First, we urge the early production by government of detailed
criteria for deciding whether CCS is technically and economically proven. Second, we suggest the adoption
of measures to counter any disincentives to private-sector funding of carbon capture and storage research.
Third, we point out that the judgement as to whether CCS is technically and economically proven may
need to be a continual and site-by-site process, starting as soon as reasonably practicable. Fourth, we
propose that the starting date for the requirement to retrofit be left open (but certainly no later than
2025). This will allow for flexibility should CCS be technically and economically proven in advance
of 2020. Fifth, we suggest that the proposed levy on electricity suppliers could be linked to carbon
emissions. Sixth, we urge further consideration of the relative positions of coal and natural gas, with
respect to the requirement to retrofit. Seventh, we ask for a more detailed definition of the crucial
phrase “best attainable standards” for judging the efficiency of existing power stations proposed as CCS
demonstration sites. Eighth, we suggest that it may be helpful if public funding for demonstration
projects is protected from late-stage withdrawal through the spending review. Ninth, as an alternative
to the proposed requirement to cease operation of power plants that fail to operate the CCS chain, we
propose a mechanism for government to take over the running of such plants. Tenth, we urge extra care
to be taken over the equity implications of co-location of demonstration projects. Finally, we note that
it may be useful to address the roˆle of perceived risk in suppressing private CCS investment as part of a
wider review of how government can influence levels of risk aversion in the investment capital markets.
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1 About us
The Institute of Theoretical Geophysics is a research group within the Departments of Applied Mathematics
and Theoretical Physics and Earth Sciences, in the University of Cambridge. The various members of the
Institute of Theoretical Geophysics are involved in developing nonlinear mathematical models and comparing
the results with specially designed laboratory experiments. They then aim to extrapolate these new concepts
to describe quantitatively large-scale natural events, such as volcanic eruptions, melt migration in the crust
of the Earth, sedimentary structures, hazardous rock falls, ice propagation and formation in polar seas, and
natural hazard prediction and assessment. In recent years, one of our key theoretical and experimental
research themes has been the ﬂuid mechanical behaviour of captured carbon dioxide, following its injection
into geological reservoirs.
The contents of this document have been discussed among members of the Institute of Theoretical
Geophysics working in research related to carbon capture and storage (CCS), namely Prof. Herbert E.
Huppert FRS, Madeleine J. Golding, Dr. Mark A. Hallworth, Dr. Daniel C. Hatton, Dr. Jerome A. Neufeld,
and Dr. Dominic Vella. All co-authors contributed valuable insights, and all their responses to the document
as a whole were generally favourable, but the latter did not constitute approval in detail of the document.
Hence, any errors or fallacies herein should be considered purely my own (Dr. Daniel C. Hatton, lead author).
2 Introduction
We welcome the draft framework for the development of clean coal [8]. This is an important step towards
the deployment of a suite of technologies with the potential to make the largest single contribution, in the
short and medium term, to decarbonizing Britain’s, and the world’s, energy generation [43]. More generally,
we are pleased to see the commitment in paragraphs 2.4 and 2.14–2.19 of the draft framework to a mixed
approach to energy sustainability, involving demand-side eﬃciency savings, renewables, CCS, and nuclear
new build. Multiple technologies in combination can achieve a level of carbon abatement that would be
impossible with any single technology in isolation [43]. We congratulate the Secretary of State, and everyone
involved in producing the draft framework, on their high-quality work.
In the remainder of this document, we will address a number of more speciﬁc aspects of the draft
framework, which will correspond closely with the issues raised by the consultation questions.
3 Question 3.1: What are your views on how effective the proposed
framework of financial and regulatory measures will be in sup-
porting delivery of our vision for clean coal at home and abroad?
3.1 Two-pronged approach
We are pleased to note, from paragraphs 1.2, 2.5–2.13, 3.4–3.11, and 4.54 of the draft framework [8], that
government recognises the value of both ﬁnancial incentives and regulatory measures, and has not fallen
into the trap of believing that one must choose either market-based mechanisms or state regulation, to the
exclusion of the other (cf. [51]).
3.2 Timing of committing public funds
It is unfortunate to mention, in paragraph 3.1 of the draft framework [8], the need for ‘a stable regulatory
and ﬁnancial framework’, then, in paragraph 3.3, to declare that ﬁnal funding approval for the demonstration
project chosen in the competition launched in 2007 depends on the results of a future spending review. If,
as government appears to believe, there is a serious public policy need for CCS demonstrations, then a
particular tool of public policy, even one as useful as the spending review, should perhaps not be allowed
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to stand in the way. This is especially true given the uneven temporal distribution of funding requirements
mentioned in paragraph 5.9 of the draft framework.
4 Question 3.2: How do you think the proposals might impact on
decisions to invest in new coal power stations and CCS demon-
stration in the UK?
4.1 Implications for research funding
Before commenting on this issue, we should declare that, as geophysics researchers, we have a particular
interest in funding research on the geophysical aspects of carbon dioxide storage, a subject with which we
have already gained signiﬁcant experience.
The proposed obligation, in paragraph 4.31 of the draft framework [8], to apply CCS to 100% of ﬂue gas
by 2025 is dependent on the technology being technically and economically proven by 2020. We assume that
applying CCS will cost money (cf. [49, 26, 22]). This might mean that power station operators stand to gain
ﬁnancially from the technology not being proven. We are concerned that this will act as a disincentive to
the electricity industry funding research relevant to the technical and economic feasibility of CCS. A simple,
but somewhat extreme, solution would be to impose the obligation irrespective of whether the technology
is proven. In eﬀect, this would mean forcing plants to shut down if the technology is not proven; this, of
course, would have potentially damaging implications for security of supply, and paragraph 3.34 of the draft
framework considers and rejects a similar option. A less draconian approach would be to use the legislation
implementing the draft framework as an opportunity to introduce a structure of incentives for the private
sector to fund CCS research, in addition to the direct public funding outlined in the 2009 budget [18] and in
paragraphs 5.6 and 5.25 of the draft framework; one possibility would be to take the need for these incentives
into account in setting the level of any general carbon tax, or the number and/or price of EU emissions trading
scheme (ETS) permits, applying from 2025 onwards. In this context, we should note that it is not only ﬁeld-
scale demonstrations that are likely to be relevant to the technical proof of CCS: laboratory experiments
and theoretical studies will have a roˆle to play as well (e.g. [35, 36, 46, 54, 21, 40, 31, 23, 57, 41, 27, 42]).
5 Question 3.3: What are your views on the proposed objective of
the UK CCS demonstration programme, including the scale of
individual demonstration projects?
5.1 Energy usage of CCS system
The estimate of the energy consumption of a CCS system, implied by paragraphs 3.19 and 4.2 of the draft
framework [8], is towards the pessimistic end of the range of IPCC estimates [52] (cf. also annex 4 to the draft
framework; [37, pp. 157–158]). Since the draft framework makes it clear in paragraph 5.30 that only highly
eﬃcient power stations will be considered for demonstration projects, an estimate towards the optimistic
end might be more appropriate.
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6 Questions 3.4 and 5.1: What are your views on whether and how
an emissions performance standard (EPS) could support our pol-
icy objectives? What are your views of the proposed mechanism
for providing financial support to CCS demonstration projects?
Does it strike the right balance between attaining value for money
from public funding while addressing the needs of potential in-
vestors? Do you agree with our initial view that a CfD is the
most appropriate model for a disbursement mechanism?
6.1 Direct linkage of performance measures with aims
The most appropriate performance measures for a project are those that most directly reﬂect the aims of
that project [11, p. 17]. The aim of the project under discussion is to reduce carbon dioxide emissions from
electricity generation. Therefore, we welcome the emphasis, in paragraphs 3.22–3.24 of the draft framework
[8], on ‘considering the amount of carbon dioxide that is released for each unit of electricity generated’. For
the same reason, we also welcome the tentative selection of a contract for diﬀerences on carbon abated (CfD)
as a means of disbursing subsidies, in paragraph 5.25 of the draft framework.
In the same spirit, it may be useful for the levy on electricity suppliers under paragraph 5.6 of the draft
framework, to be a levy per unit of carbon dioxide emitted, rather than per unit of electricity generated.
Another relevant performance measure is the total carbon dioxide emissions of the EU. In this context,
we think it excessively pessimistic to declare, in paragraph 4.54 of the draft framework, that ‘a requirement
to retroﬁt would have no net eﬀect on EU emissions, which would continue to be determined by the EU
ETS cap’. A requirement to retroﬁt would reduce the regulatory impact of rapid reduction of the EU ETS
cap, and would therefore improve the prospects of rapid reduction in the cap being implemented when
the European Commission conducts its review of the rate of cap reduction under article 9 of EU Directive
2003/87/EC [4].
6.2 Distinction between coal and natural gas
In paragraph 4.10 of the draft framework [8], government states its intention to apply the obligation to
demonstrate CCS on a portion of output from start-up only to coal, not to natural gas. The tenth paragraph
of the executive summary of the draft framework makes a robust case, in terms of the lower carbon emissions
per unit of electricity output from unabated natural gas, as compared with unabated coal, for this decision.
Essentially, the draft framework is correctly pointing out that this is equivalent to applying an emissions
performance standard to coal which natural gas is already bettering (cf. [33]).
However, the case for not placing obligations on natural gas facilities is weaker with respect to the
subsequent 100% CCS obligation. Some may perceive it as inequitable that coal power station operators
are required by the draft framework to capture and store 100% of their carbon emissions by 2025, while
no obligation to capture or store CO2 is placed on natural gas power station operators, who will therefore
be able to continue to produce approximately 50% of the carbon emissions associated with unabated coal
[33]. This is equivalent to applying a more rigorous emissions performance standard to coal, while allowing
natural gas to continue to violate it (cf. paragraph 4.63 of the draft framework). If the draft framework
is to be enacted unaltered, there is a need to make an explicit case, perhaps in a preamble to eventual
legislation implementing the draft framework, to counter any claims of inequity at the 100% CCS stage of
the regulations.
As an alternative to making this case, a way may need to be found to re-balance the obligations between
coal and natural gas operators, without diminishing the overall reduction in carbon emissions achieved. One
possibility might be to apply the requirement for 100% CCS by 2025 to natural gas as well. If government
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wishes to take this path, it should announce this well before 2025, to allow natural gas generators to prepare
for the deployment of CCS.
7 Question 4.1: Do you agree, in principle, that new coal power
stations should be required to demonstrate CCS?
7.1 Timing of the commencement of regulation
We welcome the suggestion that the requirement, in paragraphs 4.10–4.12 of the draft framework [8], to
demonstrate CCS on a signiﬁcant fraction of the output of any new coal power station, should apply im-
mediately. As far as mitigating climate change is concerned, we have reached a stage where readiness is no
longer suﬃcient, and the time has come for action [28, 34, 17, 29].
8 Questions 4.2–4.3: What additional planning conditions do you
think an operator should have to meet to show that they would
be able to meet a requirement to demonstrate CCS? What are
your views on the best approach to monitoring the operation of
CCS demonstrations?
8.1 Types of data taken into account in DTI study of reservoir suitability
Under paragraph 4.7 of the draft framework [8], the planning element of the new regulatory framework will be
incorporated in a ﬁnal version of the draft guidance document on carbon capture readiness [9] (reproduced
in annex 3 to the draft framework). Paragraphs 30–31 of the draft guidance document suggest that the
standard way an applicant might demonstrate that a proposed CO2 storage reservoir is appropriate, in order
to meet the planning condition of carbon capture readiness, is to note that the reservoir was found to have a
suitable “realistic storage capacity” in an earlier DTI study [30]. In this section, we will suggest a number of
ways in which this aspect of the planning requirements could be extended. These will be similar to comments
we made in response to the earlier consultation on the draft guidance document.
We are pleased to see that the DTI study includes, in its assessment of realistic storage capacity, consid-
eration of permeability, porosity, and heterogeneity of the reservoir, as well as quality of the cap rock. We
will argue that scientiﬁc knowledge in this area is evolving rapidly. We will therefore suggest that it would
be useful to initiate a process of continual review of estimates of realistic capacity of reservoirs. We will also
note some particular types of ﬁeld data and modelling studies that may be useful in that review process.
This evolution of scientiﬁc understanding is a process of completing ﬁner details, starting from the
outline narrative of the motion of CO2 subsequent to its injection into a reservoir discussed in section 5.2.1
of the DTI study. Brieﬂy, this outline narrative is as follows: the CO2, being lighter than the surrounding
interstitial ﬂuid, rises through the reservoir rock under gravity, gradually spreading horizontally as it rises.
This continues until the CO2 reaches the impermeable cap rock overlying the reservoir. If this material is
an eﬀective cap rock, the CO2 cannot rise further (this is known as “stratigraphic trapping”), but continues
to spread horizontally (cf. also [14], where these ideas are applied to the speciﬁc, real situation at Sleipner).
Subsequent to this, some of the the carbon dioxide undergoes dissolution trapping. Dissolution trapping is
a process whereby carbon dioxide dissolves in formation water as carbonic acid, forming a heavy product
which would sink to, and be stably stored at, the bottom of reservoirs (cf. also [46, 26]). In addition, some
of the CO2 that has not dissolved in the formation water can be held by surface tension, in bubbles within
pores that also contain water, a process known as “residual trapping” (cf. also [35, 46, 23]). At a still later
stage, the dissolved carbonic acid resulting from dissolution trapping can react with rock materials, to form
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either solid metal carbonates (a particularly secure form of storage) or dissolved metal hydrogen-carbonates,
a process known as “mineral trapping” (cf. also [44, pp. 92–93,108]; [46, 26, 21]).
Scientiﬁc understanding has evolved particularly rapidly in the understanding of reservoir heterogeneity,
and in characterizing the quality of cap rocks for secure CO2 storage. There have been several recent advances
concerning the eﬀects of reservoir heterogeneity. Speciﬁcally, our (and others’) new research published in
the open domain suggests that vertical heterogeneity in reservoir permeability can be a controlling inﬂuence
on the motion of injected CO2 prior to the CO2 reaching the cap rock, enhancing horizontal spreading
[40, 31, 57, 41]. Whether enhanced horizontal spreading increases or decreases the security with which CO2
is stored will depend on the details of reservoir geometry and cap rock heterogeneities.
One of our research projects also raises the possibility of a method by which vertical heterogeneity in
reservoir permeability can be used to enhance rapid dissolution trapping. The more rapidly injected CO2
mixes and dissolves with the host brine, the less one is reliant on the long-term containment capability of the
cap rock. The proposed method consists of injecting CO2 rapidly, near the bottom of a low-permeability sub-
layer, underlain by a higher-permeability sub-layer; this enhances spreading at each sub-layer, encouraging
convective mixing and increasing the CO2/water contact area at which dissolution trapping can take place
[31].
New evidence is also emerging on what constitutes a cap rock of suﬃcient integrity for purposes of secure
carbon dioxide storage. Speciﬁcally, recent research suggests that, where the cap-rock is dipping (there is
a dipping cap rock, for example, at the Otway Project site, [13]), horizontal spreading of CO2, during an
initial period subsequent to the CO2 reaching the cap rock, is reduced by the dip. In this initial period,
the spreading takes a symmetric form, but afterwards, the CO2 starts to spread preferentially up the slope
of the dipping cap rock and the spreading rate in the preferred direction is enhanced by the dip [54]. The
length of the “initial period” depends on the permeability of the reservoir, the slope of the cap rock, and the
injection rate, and may range from 11 days to 14 years. This (in common with the existence of dissolution
trapping) suggests that the “capacity” of a reservoir may not be a ﬁxed number, but may depend on how fast
the CO2 is injected. Whether the initially restricted horizontal spreading increases or decreases the security
with which CO2 is stored will depend on the details of reservoir geometry and cap rock heterogeneities.
In addition, new experimental data and quantitative theoretical models conﬁrm a hypothesis mentioned in
sections 5.1.1 and 5.5.1 of the DTI study, that the presence of faults (i.e. two-dimensional, high-permeability
features) and/or boreholes in the cap rock will lead to CO2 leakage towards the surface, on a timescale deter-
mined by the ease of ﬂow through these faults [42]. Importantly, our current work suggests that the presence
of faults could lead, in the later years of deployment, to almost all of the injected CO2 escaping through the
faults [42]. This highlights the importance of geological studies assessing the integrity of geological storage
sites both before injection, and during the injection process.
Recent research further suggests that the presence of channel-like features in the base of the cap rock
can enhance the horizontal spreading of CO2 subsequent to the CO2 reaching the cap rock [27]. Therefore,
models assuming a smooth basal topography for the cap rock (cf. [36]) provide a lower limit on the horizontal
spreading distance. Whether this enhanced horizontal spreading increases or decreases the security with
which CO2 is stored will depend on the details of reservoir geometry and cap rock heterogeneities.
Given the rapid rate of generation of new scientiﬁc information outlined above, we suggest that the
estimates of realistic capacity from the DTI study are likely to need a process of continual review over
the next several years, and that the planning conditions for new power stations should take into account
the results of such a review process. This uncertainty is reﬂected in the substantial number of reservoirs
where the DTI study notes that there is theoretical capacity, but not yet realistic capacity, and we envisage
the results of the review process being, for the most part, a gradual conversion of some theoretical storage
capacity into the realistic storage capacity category, as discussed in chapter 6 of the DTI study.
The review process will need access to ﬁeld data (seismic studies, borehole logs, and results of well
injection tests) showing the vertical heterogeneities in the permeability of reservoirs, the presence of any
compartmentalizing faults in the reservoirs (the importance of this is noted in section 5.2.2 of the DTI
study), and the locations of faults and other high-permeability routes to the surface in the cap rocks,
including records of where boreholes have been drilled through the cap rocks. Given the existence of a
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leakage timescale in cases where the cap rock has fault-like features, it may also be sensible, either in the
ﬁnal version of the guidance document or in the legislation implementing the draft framework, to quantify
the timescale that government considers suﬃcient, for a particular reservoir and cap rock system to secure
injected CO2. A minimum ﬁgure, for a useful contribution to mitigating climate change, of a few hundred
years has been mentioned [49]. However, a “useful contribution” is not necessarily as large a contribution
as government or the public at large may like; hence, the thousand-year timescale for unassisted dissolution
trapping may also be relevant [26].
Seismic data have insuﬃcient resolution to determine whether the basal topography of the cap rock
contains channel-like features smaller than around 8m [14], so it will be necessary either to rely on the lower
limit to horizontal spreading provided by modelling for a smooth cap rock base, or to use ensemble modelling
for various basal topographies.
8.2 Securing the release of data obtained during oil and gas exploration
It is clear from the above (section 8.1) that detailed ﬁeld data, from seismic studies, borehole logs, well
injection tests, and records of drilling, will be an essential component of the review process, both for continual
re-assessment of reservoirs covered in the DTI study [30] and for assessment of new reservoirs. Because
undertaking new ﬁeld campaigns has the potential to introduce considerable additional ﬁnancial costs, it is
important to take advantage of data already gathered in the course of oil and gas exploration. We understand
that government and the oil and gas industry have already been working on moving data into the public
domain, with exploration and development licences being conditional on data release after a multi-year
conﬁdentiality period [1]. However, there may be a need to speed up the process: sections 4.1.1.2 and 5.4.2.5
of the DTI study mention that some data potentially relevant to carbon capture and storage have not yet
been released. Perhaps it would be useful for the legislation implementing the draft framework [8] to state
how government and the oil and gas industry will work together in future to make these and other relevant
data available to carbon capture and storage planners.
8.3 Monitoring during and after injection
In addition to their plans for the capture and injection process itself, it is important that applicants outline
how they will monitor the carbon dioxide during and after its injection into a reservoir, to make sure that
the CO2 stays buried, both in the immediate aftermath of its injection and throughout the period that
government considers suﬃcient for CO2 to remain securely stored (cf. [26], section 8.1). It is also important
that the technologies used for this monitoring have been thoroughly demonstrated to have suﬃcient accuracy
and precision. This is true both of the demonstration phase and of the 100% CCS phase.
Time-lapse seismics have proved successful, at Sleipner, in conﬁrming that CO2 is present in the reservoir,
and where in the reservoir it resides over time [14]. Hence, applicants will need to commit to a programme
of time-lapse seismic studies over a long period.
However, seismics will not tell the whole story: their resolution is insuﬃcient to quantify with reasonable
precision the volume of CO2 that remains in the reservoir at any given time [14]. Therefore, applicants will
need to consider additional monitoring techniques to complement their seismic studies. One possibility is
drilling test wells to sample interstitial ﬂuid in the reservoir (cf. [20]), subject to the availability of a suitably
acid-resistant cement to prevent the test wells themselves from becoming leakage pathways (cf. [12, 26]).
Gravity surveys can also help to locate stored CO2 [26]. In addition, for the detection of some types of
leakage, one can monitor CO2 concentrations in the sea or atmosphere at the surface [26]. It may also be
important to keep logs of pressure and ﬂow rate at the injection well(s), allowing continuous re-assessment
of reservoir permeability, and its heterogeneity and anisotropy (cf. [55]).
We also note that, in addition to the monitoring programme itself, having a clear plan for dissemination
of monitoring results might be crucial in securing public acceptance of (particularly onshore) CCS [56].
Much of what we have said above tends towards option “2”, in paragraph 4.20 of the draft framework
[8]. However, the options “1”, “2”, and “3”, in paragraphs 4.19–4.23 of the draft framework, are not mutually
exclusive, and an eﬀective monitoring re´gime may need to include elements of all three.
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8.4 Relationship to the Draft Guidance on Carbon Capture Readiness and
Applications under Section 36 of the Electricity Act 1989
Prior to the present consultation, government consulted on draft guidance [9] on carbon capture readiness and
applications under section 36 of the Electricity Act 1989. In our response to that consultation, we outlined
a few respects in which we believed the guidance document would need to be updated to take account of the
likely contents of the draft framework [8] being consulted on here. In the following sub-sections, we reiterate
some of those points.
8.4.1 Treatment of different combustion fuels
The draft guidance document [9] treats all combustion fuels alike. The requirements in the draft framework
[8], however, apply only to coal, not to natural gas or bio-fuels. For consistency with the draft framework, if
the latter is to remain unchanged in this respect, the guidance document should perhaps, at least in those
respects directly related to the draft framework (see section 8.4.2 below), mention diﬀerent fuels separately.
8.4.2 Redundancy of paragraph 35 concerning post-start-up changes of proposed storage site
Paragraph 35 of the draft guidance document [9] says that applicants need not, by the beginning of power
generation, commit themselves to using a particular storage reservoir. This will need editing in the light of
the requirement of the draft framework [8] to demonstrate CCS from the start-up of a new power station,
which will mean that, in practice, applicants have to commit themselves at the start of power generation by
beginning to inject CO2 into a particular reservoir.
9 Question 4.4: Under which circumstances would you consider it
acceptable and/or necessary for power station operators to switch
off the CCS chain?
9.1 Health and safety
In addition to its climatic eﬀects, carbon dioxide in high, or even moderate, concentrations can cause serious,
sometimes fatal, respiratory illnesses [47, 25, 19, 48]. Hence, one can readily imagine circumstances where
the discovery of a leak, or of the potential for a leak, in the CO2 transport and storage systems, means
that there is a health and safety requirement for temporary shutdown of the CCS chain; this health and
safety requirement should, of course, be respected. There is an assumption implicit in the question that
this temporary shutdown of the CCS chain will not be accompanied by a temporary shutdown of the power
generation facility itself. We note that it does not have to be this way: one could instead look to the nuclear
industry, where the protocol for responding to the discovery of cracks in cooling pipes involves shutting down
the reactor until the pipes have been repaired [16].
10 Question 4.5: Do you agree that new coal power stations should
be required to cease operation if the operator cannot demon-
strate that they are making reasonable efforts to operate the
CCS chain?
As we understand it, the possibility of a chronic failure to make reasonable eﬀorts to operate the CCS chain
is being raised as a wholly separate issue from temporary shutdowns of the CCS chain associated with, e.g.,
acute health and safety risks.
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10.1 Unforgiving nature of the climate system
Sadly, the climate system does not give marks for eﬀort. Earth’s surface temperature is not aﬀected by the
intentions of power station managers, only by whether the carbon dioxide from their power stations is vented
to the atmosphere. Hence, it may be preferable to phrase any regulations in this area in terms of failure
securely to sequester carbon dioxide, rather than in terms of failure to make reasonable eﬀorts to operate
the CCS chain.
10.2 Mechanisms for public control of failing electricity generation facilities
A requirement to cease operation would be one rigorous way of enforcing the CCS requirements, but might
have harmful consequences for security of supply. A less drastic alternative might be a procedure whereby
government can take over the operation of a power station if its private sector operator fails in its obligations,
analogous to the powers of government to terminate rail franchises the terms of which are not being met
[6], and subsequently operate rail services itself under section 30 of the Railways Act 1993 (as amended)
[3]. Unlike any of the three options in paragraphs 4.28–4.30 of the draft framework [8], this would ensure
operation of the CCS chain was restarted as soon as reasonably practicable without loss of electricity supplies.
We note also that, for plants funded through the CCS demonstration programme, the linkage of ongoing
revenue funding to operation of the CCS chain mentioned in paragraph 4.14 of the draft framework is likely
to be helpful as an enforcement measure.
11 Question 4.6: Do you agree, in principle, that there should be
requirement to retrofit?
11.1 Timing of the commencement of the 100% capture obligation
As we pointed out above (section 7.1), deployment of CCS and other climate change mitigation measures is
a matter of some urgency [28, 34, 17, 29]. As such, we not only agree that there should be a requirement
to retroﬁt, we suggest that the eventual legislation implementing the draft framework [8] leaves open the
possibility of commencement of the 100% CCS obligation prior to 2025, if the technology is proven (either
generally, or for a particular site) prior to 2020.
12 Questions 4.7–4.10 and 4.13: What are your views on the cri-
teria that should form the basis of an assessment of when CCS
is technically and economically proven? Do you agree that the
Environment Agency should be tasked with assessing when CCS
is technically proven? Who do you think should be tasked with
judging when CCS is economically proven? Should the deci-
sion of when CCS is proven be one for an independent body to
take, or for Government on the basis of independent advice? Do
you agree, in principle, that there is a need for a contingency
measure?
12.1 Definition of “proven”
There is an important requirement that transcends the detailed content of the criteria, and the identity
of the body that decides whether they have been met. This requirement is that the criteria are explicit,
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transparent, and democratically formulated; in addition to its intrinsic value, having published criteria with
these characteristics will help to avoid any suspicion that the government in 2020 faces a conﬂict of interest
between the need to decarbonize electricity generation and the receipt of revenues from any carbon tax or
sale of EU ETS permits. The scientiﬁc community, whether organized into an “independent body” or not,
can only estimate risks and beneﬁts. Deciding what risks are acceptable and what beneﬁts are valuable is a
matter for the public, either directly (cf. [56]) or through their elected representatives. As such, we suggest
that, well before 2020, government (or some other representative body such as a special select committee
of the House of Commons), preferably with a high level of engagement with the general public, provides a
much more detailed deﬁnition of “proven”. To achieve strong public engagement will require a campaign of
broad dissemination of technical information to start soon. This deﬁnition will be useful not only as input
to a regulatory decision in eleven years’ time, but also to inform the design of research and development
programmes in the interim, which will provide the data that determine whether CCS is proven for any
particular class of sites. The earlier the deﬁnition of “proven” is clariﬁed, the better these research and
development programmes can be focused, and the more likely it is that CCS will be proven and there will
be decisive action on its deployment.
A good start on this has been made in paragraph 2.43 of the draft framework [8], in which government
calls for an end-to-end demonstration, including both separation of CO2 from ﬂue gas and underground
injection of that CO2 at the same, commercial-scale power station. We share the view that such an end-to-
end demonstration will be helpful, both for building public conﬁdence in CCS and for better understanding
the impacts of CCS. We also thank government for providing a quantitative deﬁnition of “commercial scale”,
in paragraphs 3.16 and 3.19 of the draft framework, although this deﬁnition could be clariﬁed further by
specifying whether it is measured in megawatts of electricity or of primary heat.
We mentioned above (section 8.3) one piece of information from government that may form a useful part
of the criteria for judging whether CCS is technically proven: a quantitative value of the timescale that
government considers suﬃcient, for any particular reservoir and cap rock system to secure injected CO2.
Similarly, it would be useful for government to quantify what it considers an acceptable level of risk of CO2
leakage.
Another possible next step is to be more speciﬁc about the senses in which government considers CCS
not to be “proven” already, since there are a number of senses in which one could argue that CCS is already
technically and economically proven. Injection of CO2 into underground reservoirs in the ﬁeld has been in
progress since the early 1970s [49]. Injection partly or wholly for the purpose of long-term disposal of waste
CO2, at rates comparable with the CO2 production of a power station, has been in progress at one site
(Sleipner) for over a decade [49, 14], and at two other sites (Weyburn-Midale and In Salah) for several years
[20, 49]. Of these, the Weyburn-Midale Project is an end-to-end demonstration of CCS on ﬂue gas from a syn-
fuel plant, at a scale equivalent to about 220MW e [20, 49]. This is not too far from government’s ambition
of an end-to-end demonstration of CCS at commercial scale on a power station. By 2005, the IPCC [49] was
able to give quantitative estimates of the ﬁnancial cost, per unit of electricity generated, of CCS at ﬁxed
sources. This cost is inexpensive compared with other supply-side methods of carbon abatement (cf. [38]); if
government intends to insist on these cost estimates falling even lower, to consider CCS economically proven,
then it should say so explicitly, and quantify how much lower. As early as 2004, Pacala and Socolow [43]
felt able to include 3Gt/ yr C of geological carbon dioxide storage in the package of measures described in
a paper entitled “Stabilization Wedges: Solving the Climate Problem for the Next 50 Years with Current
Technologies” (our italics).
Given this low ﬁnancial cost, we are surprised by the pessimism of the statement in paragraph 4.9 of
the draft framework that ‘we would expect only those power stations able to secure ﬁnancial support to
move to construction’. Instead of simply accepting this outcome, government could make some comments
on whether and how it could act to create a favourable macro-economic and monetary climate for CCS to be
demonstrated on wholly privately-funded power stations, either simultaneous with, or shortly after, start-up
of the four publicly-funded demonstration projects mentioned in paragraphs 3.3–3.4 and 5.1–5.2 of the draft
framework.1 One possibility is for government to ensure that the carbon price is high enough for the private
1There is some room for confusion about the number of demonstration projects. Paragraph 5.1 of the draft framework
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sector to fund CCS. In the light of the comments in paragraph 5.8 of the draft framework, concerning the
roˆle of perceived risk in suppressing private CCS investment, government may also like to consider action
to reduce the general level of risk-aversion in the UK investment capital market (cf. also [32, pp. 133–134,
298–303]; [15]; [10, annex B]).
Finally, in the spirit of the DTI study by Holloway et al. [30], we note that CCS will not become technically
proven for all sites in a single, sudden event. An essential part of CCS being technically proven will be that
the storage reservoir has what Holloway et al. call “realistic capacity” — a scientiﬁc assessment of the
quantity of CO2 which the reservoir has the appropriate stratigraphic, mechanical, and chemical properties
to store securely. Holloway et al. envisage a process whereby realistic capacity is gradually assigned to more
reservoirs as scientiﬁc understanding improves. As we noted in section 8.1 above, scientiﬁc understanding
has been evolving particularly rapidly with respect to the likely roˆles of heterogeneous reservoir permeability,
localized ﬂaws in cap rocks, and cap rock slope and topography in the security of CO2 storage. It is not only
geo-technical risks that can vary from site to site: there are also “social risks” associated with (particularly
onshore) CCS, which diﬀer between diﬀerent communities [56]. Hence, the judgement as to whether CCS
is technically proven must be a continual process, not a one-oﬀ decision as suggested in paragraphs 3.8 and
4.81 of the draft framework. Government needs to give some thought to how the 100% CCS obligation will
apply in a situation where CCS is technically proven for some types of storage reservoir, but not for others.
This geographical variation of risk also suggests that local, as well as national, government may need to be
intimately involved in designing the technical criteria.
13 Question 4.12: What are your views on how the requirement to
retrofit should apply to existing coal power stations?
13.1 Retrofit to existing power stations
The draft framework [8] is primarily designed to implement CCS at new power stations. However, one of
the most exciting CCS proposals in the UK today, for the sheer scale of its ambition, is the Yorkshire and
Humber Carbon Capture and Storage Partnership (cf. [45]), which is based on retroﬁtting CCS technology
to existing plants. This proposal is also in the spirit of paragraph 6.10 of the draft framework concerning
pipeline networks. Therefore, we suggest it might be useful to produce a companion document alongside the
legislation implementing the draft framework, to outline similar processes for implementing CCS at existing
power stations. This companion document will be useful whether or not government, at some later date,
decides to introduce legislation requiring retroﬁt of CCS technology to existing power stations (cf. paragraph
4.70 of the draft framework); such legislation would seem to follow naturally from the Committee on Climate
Change’s recommendation of ‘establishing a clear and publicly stated expectation that coal-ﬁred power
stations will not be able to generate unabated through the 2020s and beyond the early 2020s’ [5, p. 199].
14 Question 5.2: What are your views on the proposed arrange-
ments for selecting and managing CCS demonstration projects?
Are there any additional or alternative arrangements we should
consider?
14.1 Clarity of conditions for demonstration projects at existing plants
The requirement, in paragraph 5.30 of the draft framework [8], that demonstration projects involving pre-
existing coal plants that have ‘not been refurbished to bring their generation eﬃciency up to best attainable
standards should not be considered for ﬁnancial support’, is a sensible one. Geological storage space is ﬁnite
proposes up to four including the project that wins the 2007 competition, whereas paragraph 5.27 proposes up to four funded
through the new mechanism, which suggests up to five including the project that wins the 2007 competition.
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[49, 30], and it does not make sense to use it for emissions generated at a higher carbon intensity than
necessary. However, government needs to provide a detailed deﬁnition of “best attainable standards”. Is this
the same as the tightly-speciﬁed concept of “best available techniques” (cf. box 4.2 of the draft framework)?
Alternatively, does it relate to the concept of reasonable practicability, as deﬁned by thirty-ﬁve years of case
law under the Health and Safety at Work etc. Act 1974 [2]?
15 Question 6.2: What are your views on how can we best ensure
that CCS business clusters are encouraged, maximising the fu-
ture opportunities for UK business?
15.1 Distribution of risks
In deciding whether to pursue co-location of CCS demonstration projects under paragraph 6.13 of the draft
framework, government needs to consider how co-location would interact with the diﬀerentials of geo-technical
and social risks studied by Wong-Parodi and Ray [56]. While the risks of climate change are distributed
over the whole population, the risks associated with CCS are localized, and co-location may exacerbate the
potential inequity associated with this localization
16 Question 6.3: Are there any other actions that the Government
should consider taking at this stage to prepare for the full com-
mercial deployment of CCS?
16.1 Position of bio-fuels
One could argue that a wholly bio-fuel-based power station has, through the growth of its fuel, already to
some extent captured its CO2 emissions before it produces them, which might mean that there is less danger
of perceived inequity in a decision not to apply the obligations of the draft framework [8] to bio-fuels than
in a decision not to apply them to natural gas (cf. section 6.2).
On the other hand, the “some extent”, to which CO2 is captured before it is produced, varies greatly
between diﬀerent bio-fuels, and in some cases may even be less than zero [24, 50, 53]. The existence of co-
ﬁring plants that burn both fossil fuels and bio-fuels complicates the situation further. Also, the possibility
that bio-fuels have already achieved some carbon capture before arriving at the power station does not
diminish the potential for CCS at bio-fuel-based plants to achieve further decarbonization of electricity
supply. Further, we note that the forthcoming EU directive on the geological storage of carbon dioxide [7]
speciﬁcally mentions the need to build experience of CCS at bio-fuel plants.
Given the existence of these competing arguments, we suggest that, alongside the legislation implementing
the draft framework, government might like to make an explicit statement on the extent to which it believes
bio-fuels should be subject to the same CCS regulations as fossil fuels.
17 Concluding remarks
We compliment government on its draft framework for the development of clean coal. The emphasis on a
diverse range of measures for mitigating climate change, the recognition that both market-based and regula-
tory approaches to encouraging the deployment of CCS are valuable, and the suggestion that the proposed
requirement to demonstrate CCS should apply immediately are all important advantages of government’s
approach.
We have made several suggestions on matters of detail in response to the consultation questions. Specif-
ically, we suggested the establishment of a process of continual review of the realistic capacity of carbon
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dioxide storage reservoirs. This review would imply a need for the following. Firstly, an explicit, quantita-
tive statement of the timescale that government considers suﬃcient for a reservoir to store carbon dioxide
securely. Secondly, an explicit, quantitative statement of the level of leakage risk that government considers
acceptable. Thirdly, the publication of plans to accelerate the release into the public domain of seismic, bore-
hole log, well injection test, and drilling record data generated by the private sector. Fourthly, an explicit
statement of government’s view on the extent to which bio-fuel power stations should be covered by regu-
lations requiring carbon capture readiness. Finally, the production of a companion document establishing
similar principles for the retroﬁt of carbon capture and storage systems at existing power stations. We also
made some comments on the importance of potential CCS operators having robust plans for monitoring their
storage reservoirs, using monitoring technologies that have been thoroughly demonstrated to be of suﬃcient
accuracy and precision, and for dissemination of the monitoring results.
As well as our technical remarks, we made several suggestions about the ﬁnancial and regulatory aspects of
the path to CCS deployment. Firstly, we suggested the early production by government of detailed criteria for
deciding whether CCS is technically and economically proven; the development of these criteria may provide
a unique opportunity to communicate and engage with the general public on CCS. Secondly, we proposed the
adoption of measures to counter any disincentives to private-sector funding of carbon capture and storage
research. Thirdly, we noted that the judgement as to whether CCS is technically and economically proven
may need to be a continual and site-by-site process, starting as soon as reasonably practicable. Fourthly,
we suggested that the starting date for the requirement to retroﬁt be left open (but certainly no later than
2025). This will allow for ﬂexibility should CCS be technically and economically proven in advance of 2020.
Fifthly, the proposed levy on electricity suppliers could be linked to carbon emissions. Sixthly, we believe
there is a need for further consideration of the relative positions of coal and natural gas, with respect to
the requirement to retroﬁt. Seventhly, we urge government to provide a more detailed deﬁnition of the
crucial phrase “best attainable standards” for judging the eﬃciency of existing power stations proposed as
CCS demonstration sites. Eighthly, we suggest that it may be helpful for public funding for demonstration
projects to be protected from late-stage withdrawal through the spending review. Ninthly, as an alternative
to the proposed requirement to cease operation of power plants that fail to operate the CCS chain, we
proposed a mechanism for government to take over the running of such plants. Tenthly, we cautioned that
care needs to be taken over the equity implications of co-location of demonstration projects. Finally, we
suggested that the roˆle of perceived risk in suppressing private CCS investment may need to be addressed
as part of a wider review of how government can inﬂuence levels of risk aversion in the investment capital
markets.
References
[1] DECC policy on data release. World-Wide Web page. URL:
〈https://www.og.berr.gov.uk/information/data_release/〉.
[2] Health and Safety at Work etc. Act, 1974. URL: 〈http://www.statutelaw.gov.uk/content.aspx?LegType=All+Legislation&t
[3] Railways Act, 1993. URL: 〈http://www.statutelaw.gov.uk/content.aspx?LegType=Act+(UK+Public+General)&title=railways&searchEnacted=0&extentMatchOnly=0&confersPo
[4] Directive 2003/87/EC of the European Parliament and of the Coun-
cil. Oﬀ. J. Eur. Communities, 46(L275):32–87, Oct. 2003. URL:
〈http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:2003L0087:20090625:EN:PDF〉.
[5] Building a low-carbon economy — the UK’s contribution to tackling climate
change. Report One, Committee on Climate Change, Dec. 2008. URL:
〈http://www.theccc.org.uk/pdf/TSO-ClimateChange.pdf〉.
[6] Enforcement policy: Rail franchise agreements and closures. Tech-
nical report, UK Department for Transport, July 2008. URL:
〈http://www.dft.gov.uk/consultations/archive/2008/rfaandccmain/results.pdf〉.
13
[7] Directive 2009/. . . /EC of the European Parliament and of the Council on the
geological storage of carbon dioxide. World-Wide Web page, 2009. URL:
〈http://ec.europa.eu/environment/climat/ccs/pdf/st03739_en08.pdf〉.
[8] A framework for the development of clean coal. Consultation URN 09D/606,
UK Department of Energy and Climate Change, London, June 2009. URL:
〈http://www.decc.gov.uk/Media/viewfile.ashx?FilePath=Consultations/A%20framework%20for%20the%20development%20of%20cle
[9] Guidance on carbon capture readiness and applications under section 36 of the Electricity Act 1989.
Consultation URN 09D/531, UK Department of Energy and Climate Change, London, Apr. 2009. URL:
〈http://www.decc.gov.uk/Media/viewfile.ashx?FilePath=Consultations/1_20090429132910_e_@@_ccrguidanceconsultation.pdf&filetype=4
[10] The introduction of a product guaranteeing reimbursement of UK conﬁrming banks under letter of
credit arrangements. Consultation, UK Export Credit Guarantee Department, London, May 2009.
URL: 〈http://www.ecgd.gov.uk/index/public-information/public-consultation.htm〉.
[11] R. J. Baker. Measure What Matters to Customers: Using Key Predictive Indicators. John Wiley &
Sons, Hoboken, 2006.
[12] V. Barlet-Goue´dard, G. Rimmele´, B. Goﬀe´, and O. Porcherie. Mitigation strategies for the risk of CO2
migration through wellbores. In IADC/SPE Drilling Conference, Miami, Feb.21–23 2006. Society of
Petroleum Engineers. doi:10.2118/98924-MS.
[13] T. Berly, S. Sharma, and P. Cook. CO2CRC Otway project: regulatory challenges and lessons learned.
APPEA J., 48, 2008.
[14] M. Bickle, A. Chadwick, H. E. Huppert, M. A. Hallworth, and S. Lyle. Modelling carbon dioxide
accumulation at Sleipner: Implications for underground carbon storage. Earth Planet. Sci. Lett., 255(1–
2):164–176, Mar. 2007. doi:10.1016/j.epsl.2006.12.013.
[15] V. Bosetti and M. Tavoni. Uncertain R&D, backstop technology and GHGs stabilization. Energy Econ.,
31(supplement 1):S18–S26, 2009. doi:10.1016/j.eneco.2008.03.002.
[16] B. Brogan. Serious nuclear leaks spark £800m loss. Dly. Mail, Oct. 16 2006. URL:
〈http://www.dailymail.co.uk/news/article-410775/Serious-nuclear-leaks-spark-800m-loss.html〉.
[17] K. Caldeira, S. J. Davis, and L. Cao. Will peak oil accelerate carbon dioxide emissions? Eos
Trans. Am. Geophys. Union, 89(53, Fall Meeting supplement):Abstract U42A–02, 2008. URL:
〈http://www.agu.org/cgi-bin/SFgate/SFgate?&listenv=table&multiple=1&range=1&directget=1&application=fm08&database=%2Fdata%2Fepubs%2Fwais%2Findexes
[18] A. Darling. Financial statement. Oﬀ. Rep. House Com-
mons, 6th series: 491(62):columns 237–250, Apr. 22 2009. URL:
〈http://services.parliament.uk/hansard/Commons/ByDate/20090422/mainchamberdebates/part002.html〉.
[19] G. N. Eby and W. C. Evans. Taming the killer lakes of Cameroon. Geol. Today, 22(1):18–22, Jan. 2006.
doi:10.1111/j.1365-2451.2006.00544.x.
[20] S. Emberley, I. Hutcheon, M. Shevalier, K. Durocher, W. D. Gunter, , and E. H. Perkins. Geo-
chemical monitoring of ﬂuid-rock interaction and CO2 storage at the Weyburn CO2-injection en-
hanced oil recovery site, Saskatchewan, Canada. Energy, 29(9–10):1393–1401, July–Aug. 2004.
doi:10.1016/j.energy.2004.03.073.
[21] J. Ennis-King and L. Paterson. Coupling of geochemical reactions and convective mixing in the
long-term geological storage of carbon dioxide. Int. J. Greenh. Gas Control, 1(1):86–93, Apr. 2007.
doi:10.1016/S1750-5836(07)00034-5.
[22] L.-S. Fan and F. Li. Clean coal. Phys. World, 20(7):37–41, July 2007.
14
[23] A. Farcas and A. W. Woods. The eﬀect of drainage on the capillary retention of CO2 in a layered
permeable rock. J. Fluid Mech., 618:349–359, Jan. 2009. doi:10.1017/S0022112008004400.
[24] J. Fargione, J. Hill, D. Tilman, S. Polasky, and P. Hawthorne. Land clearing and the biofuel carbon
debt. Science, 319(5867):1235–1238, Feb. 2008. doi:10.1126/science.1152747.
[25] P. Freund, S. Bachu, , D. Simbeck, K. K. Thambimuthu, and M. Gupta. Proper-
ties of CO2 and carbon-based fuels. In Metz et al. [39], pages 383–399. URL :
〈http://www.ipcc.ch/pdf/special-reports/srccs/srccs_annex1.pdf〉.
[26] S. Furnival. Burying climate change for good. Phys. World, 19(9):24–29, Sept. 2006.
[27] M. J. Golding and H. E. Huppert. The eﬀect of conﬁning impermeable boundaries on gravity currents
in a porous medium. J. Fluid Mech., (sub judice), 2009.
[28] H. Held, E. Kriegler, K. Lessmann, and O. Edenhofer. Cost eﬀective climate protection paths robust
under uncertainties about the economic and climate system. Geophys. Res. Abstr., 9:03344, 2007. URL:
〈http://www.cosis.net/abstracts/EGU2007/03344/EGU2007-J-03344.pdf〉.
[29] H. Held, E. Kriegler, K. Lessmann, and O. Edenhofer. Eﬃcient climate policies un-
der technology and climate uncertainty. Energy Econ., 31(supplement 1):S50–S61, 2009.
doi:10.1016/j.eneco.2008.12.012.
[30] S. Holloway, C. J. Vincent, and K. L. Kirk. Industrial carbon dioxide emissions and carbon dioxide
storage potential in the UK. Report COAL R308 DTI/Pub URN 06/2027, UK Department of Trade
and Industry, Oct. 2006. URL: 〈http://www.berr.gov.uk/files/file35684.pdf〉.
[31] H. E. Huppert and J. A. Neufeld. The competition between buoyancy and ﬂow focussing in a
two layer porous media ﬂow. Conference presentation #PE.003, American Physical Society, 61st
Annual Meeting of the APS Division of Fluid Dynamics, Nov. 23–25 2008. URL for abstract:
〈http://adsabs.harvard.edu/abs/2008APS..DFD.PE003H〉.
[32] W. Hutton. The State We’re In. Jonathan Cape, London, 1995.
[33] T. L. Johnson and D. W. Keith. Fossil electricity and CO2 sequestration: how natural gas prices, initial
conditions and retroﬁts determine the cost of controlling CO2 emissions. Energy Policy, 32(3):367–382,
Feb. 2004. doi:10.1016/S0301-4215(02)00298-7.
[34] P. A. Kharecha and J. E. Hansen. Implications of ‘peak oil’ for atmospheric CO2 and climate.
Eos Trans. Am. Geophys. Union, 89(53, Fall Meeting supplement):Abstract U42A–01, 2008. URL:
〈http://www.agu.org/cgi-bin/SFgate/SFgate?&listenv=table&multiple=1&range=1&directget=1&application=fm08&database=%2Fdata%2Fepubs%2Fwais%2Findexes
[35] A. Kumar, M. H. Noh, R. C. Ozah, G. A. Pope, S. L. Bryant, K. Sepehrnoori, and L. W. Lake.
Reservoir simulation of CO2 storage in deep saline aquifers. SPE J., 10(3):336–348, Sept. 2005.
doi:10.2118/89343-PA.
[36] S. Lyle, H. E. Huppert, M. A. Hallworth, M. Bickle, and A. Chadwick. Axisymmetric gravity currents
in a porous medium. J. Fluid Mech., 543:293–302, Nov. 2005. doi:10.1017/S0022112005006713.
[37] D. J. C. MacKay. Sustainable Energy—without the hot air. UIT Cambridge, Cambridge, 2009. Version
3.5.2; URL: 〈http://www.withouthotair.com/〉.
[38] B. Metz, O. Davidson, P. Bosch, R. Dave, and L. Meyer, editors. Climate Change
2007: Mitigation of Climate Change, volume Contribution of Working Group III of
IPCC Fourth Assessment Report. Cambridge University Press, Cambridge, 2007. URL:
〈http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg3_report_mitigation_of_climate_change.htm
15
[39] B. Metz, O. Davidson, H. de Coninck, M. Loos, and L. Meyer, editors. Carbon Dioxide Cap-
ture and Storage. IPCC Special Reports. Cambridge University Press, Cambridge, 2005. URL:
〈http://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf〉.
[40] J. A. Neufeld and H. E. Huppert. Plume dynamics in heterogeneous porous media. Conference presenta-
tion #PE.002, American Physical Society, 61st Annual Meeting of the APS Division of Fluid Dynamics,
Nov. 23–25 2008. URL for abstract: 〈http://adsabs.harvard.edu/abs/2008APS..DFD.PE002N〉.
[41] J. A. Neufeld and H. E. Huppert. Modelling carbon dioxide sequestration in layered strata. J. Fluid
Mech., 625:353–370, Apr. 2009. doi:10.1017/S0022112008005703.
[42] J. A. Neufeld, D. Vella, and H. E. Huppert. The eﬀect of a ﬁssure on storage in a porous medium. J.
Fluid Mech., 639:239–259, Nov. 2009. doi:10.1017/S0022112009991030.
[43] S. Pacala and R. Socolow. Stabilization wedges: Solving the climate problem for the next 50 years with
current technologies. Science, 305(5686):968–972, Aug. 2004. doi:10.1126/science.1100103.
[44] O. M. Phillips. Flow and reactions in permeable rocks. Cambridge University Press, Cambridge, 1991.
[45] A. Rennie. A carbon capture and storage network for Yorkshire and Humber: An introduc-
tion to understanding the transportation of CO2 from Yorkshire and Humber emitters into oﬀ-
shore storage sites. Technical Report 05_08 100203, Yorkshire Forward, Leeds, 2008. URL:
〈http://www.yorkshire-forward.com//sites/default/files/documents/CarbonCapture.pdf〉.
[46] A. Riaz, M. A. Hesse, H. A. Tchelepi, and F. M. Orr, Jr. Onset of convection in a gravitation-
ally unstable diﬀusive boundary layer in porous media. J. Fluid Mech., 548:87–111, Feb. 2006.
doi:10.1017/S0022112005007494.
[47] D. S. Robertson. The rise in the atmospheric concentration of carbon dioxide and the eﬀects on human
health. Med. Hypotheses, 56(4):513–518, Apr. 2001. doi:10.1054/mehy.2000.1256.
[48] D. S. Robertson. Health eﬀects of increase in concentration of carbon dioxide in the atmosphere. Curr.
Sci., 90(12):1607–1609, June 2006. URL: 〈http://www.ias.ac.in/currsci/jun252006/1607.pdf〉.
[49] E. Rubin, L. Meyer, H. de Coninck, J. C. Abanades, M. Akai, S. Benson, K. Caldeira, P. Cook,
O. Davidson, R. Doctor, J. Dooley, P. Freund, J. Gale, W. Heidug, H. Herzog, D. W. Keith, M. Maz-
zotti, B. Metz, B. Osman-Elasha, A. C. Palmer, R. Pipatti, K. Smekens, M. Soltanieh, K. K. Tham-
bimuthu, and B. van der Zwaan. Technical summary. In Metz et al. [39], pages 17–50. URL :
〈http://www.ipcc.ch/pdf/special-reports/srccs/srccs_technicalsummary.pdf〉.
[50] T. Searchinger, R. Heimlich, R. A. Houghton, F. Dong, A. Elobeid, J. Fabiosa, S. Tokgoz, D. Hayes,
and T.-H. Yu. Use of U.S. croplands for biofuels increases greenhouse gases through emissions from
land-use change. Science, 319(5867):1238–1240, Feb. 2008. doi:10.1126/science.1151861.
[51] D. Sinclair. Self-regulation versus command and control? Beyond false dichotomies. Law Policy,
19(4):529–559, Oct. 1997. doi:10.1111/1467-9930.00037.
[52] K. K. Thambimuthu, M. Soltanieh, J. C. Abanades, R. Allam, O. Bolland, J. Davison,
P. Feron, F. Goede, A. Hererra, M. Ijima, D. Jansen, I. Leites, P. Mathieu, E. Ru-
bin, D. Simbeck, K. Warmuzinski, M. Wilkinson, R. Williams, M. Jaschik, A. Lyngfelt,
R. Span, and M. Tanczyk. Capture of CO2. In Metz et al. [39], pages 105–178. URL :
〈http://www.ipcc.ch/pdf/special-reports/srccs/srccs_chapter3.pdf〉.
[53] D. Tilman, R. Socolow, J. A. Foley, J. Hill, E. Larson, L. Lynd, S. Pacala, J. Reilly, T. Searchinger,
C. Somerville, and R. Williams. Beneﬁcial biofuels — the food, energy, and environment trilemma.
Science, 325(5938):270–271, July 2009. doi:10.1126/science.1177970.
16
[54] D. Vella and H. E. Huppert. Gravity currents in a porous medium at an inclined plane. J. Fluid Mech.,
555:353–362, May 2006. doi:10.1017/S0022112006009578.
[55] M. B. Wold, L. D. Connell, and S. K. Choi. The role of spatial variability in coal seam param-
eters on gas outburst behaviour during coal mining. Int. J. Coal Geol., 75(1):1–14, June 2008.
doi:10.1016/j.coal.2008.01.006.
[56] G. Wong-Parodi and I. Ray. Community perceptions of carbon sequestration: insights
from California. Environ. Res. Lett., 4(3):034002–1–034002–8, July–Sept. 2009. URL:
〈http://stacks.iop.org/1748-9326/4/034002〉. doi:10.1088/1748-9326/4/3/0340022.
[57] A. W. Woods and A. Farcas. Capillary entry pressure and the leakage of gravity currents through a slop-
ing layered permeable rock. J. Fluid Mech., 618:361–379, Jan. 2009. doi:10.1017/S0022112008004527.
17
